Dense 0.45.0 wt % carbon nanofiber (CNF)/alumina composites were fabricated by plasma activated sintering. The microstructure®particularly the CNFs distribution®of composites containing different amounts of CNFs was observed in detail, and the influence of the additive amounts of CNF on the microstructure and the fracture toughness of the composites were investigated. The ratio of CNFs distributed individually in the composites decreased with an increase in the addition of CNFs, and the other CNFs formed bundles; notably three-quarters of the CNFs formed bundles in the 5.0 wt % CNF/alumina composite. The alumina grain size distribution of the composites became narrower to smaller grain size side and the average alumina grain size of the composites decreased with an increase in the addition of CNFs from 0.4 to 1.6 wt %. However, the average alumina grain size of the composites did not vary greatly with an increase in the addition of CNFs from 1.6 to 5.0 wt %, because the CNF bundles formed in the 2.5 and 5.0 wt % CNF/alumina composites lowered the grain growth retardation effect of the CNFs. The 1.6 wt % CNF/alumina composite exhibited the highest fracture toughness, because three-fifths of the CNFs distributed individually and uniformly in alumina grain boundaries.
Introduction
Carbon nanotubes (CNTs) have incredible mechanical properties and a high aspect ratio, 1)8) so it seems that CNTs are superior reinforcement fibers for the improvement of the mechanical properties of ceramic materials. With that aim in mind for alumina ceramics, we have combined the high-dispersion-treated carbon nanofibers (CNFs), which are a type of multi-walled CNTs, with alumina. 9) In the study, we found that the fracture toughness of the CNF/alumina composites increased with a decrease in the average alumina grain size of the composites, regardless of CNF content in the range of 0.42.5 wt %. 9) In these composites, CNFs were observed bending along alumina grain boundaries. The dependence of the fracture toughness of the composites on the average alumina grain size could be explained by the bridging and/or pull-out of the bended CNFs. That is, the number of bendings per CNF increased as the average alumina grain size of the composites decreased. As the number of bendings increased, the resistance for bridging and/or pull-out of the CNFs increased. Consequently, the fracture toughness of the composites increased with a decrease in the average alumina grain size. On the other hand, the CNFs were gathered at the same sites in the grain boundaries and formed bundles through the grain growth of alumina during sintering, especially in the composites containing larger amounts of CNFs. By forming CNF bundles, the number of CNFs giving rise to the essential effect for bridging and/or pull-out was reduced, and the resistance for bridging and/or pull-out of CNFs in the composites did not always increase with an increase in the additive amount of CNFs. Consequently, the fracture toughness of the composite was not greatly influenced by the additive amount of CNFs.
Some reports 10)16) on CNT/alumina composites have shown that the fracture toughness of composites does not always greatly increase with an increase in the additive amount of CNTs. For example, Yamamoto et al. 12) reported that the fracture toughness of the CNT/alumina composites decreased with increasing MWCNTs content from 010 mass % because of the presence of CNT aggregates. Hirota et al. 14) reported that the fracture toughness of the 35 vol % CNF/alumina composites showed a slight increase compared to that of monolithic alumina. Maensiri et al. 15) reported that the fracture toughness of the CNF/alumina composites increased with a slight dependency on the additive amount of CNFs, and a 13% increase in fracture toughness compared to monolithic alumina was obtained in the 2.5 vol % CNF/ alumina composite.
In order to achieve a further improvement in the fracture toughness of CNT/alumina composites by the addition of a larger amount of CNTs, the CNTs should distribute individually and uniformly in the composites. However, the influence of CNTs distribution on microstructure development and the mechanical properties of the CNT/alumina composites containing a different amount of CNTs has not yet been reported in detail.
In our first paper 9) on the CNF/alumina composites, we reported as mentioned above that the 0.42.5 wt % CNF/alumina composites were fabricated using the high-dispersion-treated CNFs and the influence of the addition of the CNFs on the densification, microstructure development and mechanical properties of the composites were investigated. In our second paper, 17) we reported that the 0.4 wt % CNF/alumina composites were fabricated using CNFs acid-treated for 0.5, 1 and 5 h. The CNFs acid-treated for 0.5 h dispersed more uniformly in the composite than the high-dispersion-treated CNFs and the composite containing the CNFs acid-treated for 0.5 h had a smaller average alumina grain size and higher fracture toughness. Now, in this study, the CNFs acid-treated for 0.5 h were mixed with alumina and the 0.45.0 wt % CNFs/alumina composites were fabricated by plasma activated sintering (PAS). The microstructures® particularly the CNFs distributions®of the composites containing different amount of CNFs were qualitatively estimated by observing the backscattered electron (BSE) images of polished surfaces of these composites under accelerating voltage of 1 kV and were quantitatively estimated by observing the scanning electron microscopic images of polished and chemically etched surfaces of these composites. Such qualitative and quantitative estimations have neither been tried in our previous studies 9), 17) nor in other studies on CNF/ceramics composites and were carried out for the first time by us in this study. The influence of the additive amount of the CNFs on CNF distribution, alumina grain size distribution and fracture toughness of the composites fabricated by PAS were investigated.
Experimental procedure

Preparation of the acid-treated CNFs and the composites
CNFs (VGCF-S; diameter: 100 nm, length: 1020¯m, Showa Denko, Japan) were acid-treated for 0.5 h using an acid mixture (conc. H 2 SO 4 : conc. HNO 3 = 3:1 v/v) under application of ultrasonic agitation in order to prepare the hydrophilic CNFs and improve interfacial compatibility between CNFs and the alumina grain. Raman spectra of the CNFs showed that defects were induced on them by the acid-treatment for 0.5 h.
17)
The acid-treated CNFs were ultrasonically dispersed in ethanol solution dissolving a small amount of polyvinylbutyral (PVB) as a dispersant. The CNF-ethanol suspensions were quietly kept for 3 days to allow the remaining bundles or agglomerates of CNF sediment in the bottom layer of the suspensions. Then, the upper layer of the suspensions was elutriated to obtain well dispersed CNF suspensions. These were mixed with high-purity alumina powder (TM-DAR; purity: 99.99%; average particle size: 0.1¯m; Taimei Chemicals, Japan) by ball-milling for 24 h. The obtained slurries were dried and then passed through a 100-mesh sieve. In this way, the powder mixtures containing 0.45.0 wt % CNFs were prepared.
The powder mixtures were consolidated by plasma activated sintering (Ed-PAS, ELENIX) at 13001525°C for 80 s in a vacuum. They were put under an uniaxial pressure of 50 MPa during PAS, except for the powder mixture containing 1.6 wt % CNFs sintered by PAS at 1375°C, which was put under an uniaxial pressure of 40 MPa during PAS. The heating rate of PAS was 300°C/min.
Estimation of composites
The bulk densities of the composites were measured using the Archimedes method. The relative densities were calculated using the bulk densities of the composites and the theoretical densities of alumina (3.987 g/cm 3 ) and VGCF-S (2.0 g/cm 3 ). The microstructures of the composites were observed using a scanning electron microscope (SEM, S-4100 or SU-8000, Hitachi).
The fracture toughness was measured using the Vickers indentation tester (VMT-7, MATSUZAWA). An 196 N load was applied on the polished surface for 10 s. For the composites which crack tipping were observed, a lower indentation load (98 N) was applied on the polished surface. The crack-to-indent ratios (c/a) were larger than 2.5 in every indentation, where c is the half-length of the surface radial crack and a is the halfdiagonal length of the Vickers indent. This means cracks propagated in the composites were median cracks.
18)20) So the fracture toughness was calculated by Miyoshi's formula. 21) The alumina grain sizes of the composites were measured using the line-intercept method. 22) The measured individual grain size was the maximum length of the grain, which is described as tangent diameter, 23) , 24) in the specified direction. The average alumina grain size was determined from the sizes of more than 200 grains. The details for preparation of the specimen were shown in our previous reports. 
Results and discussions 3.1 Densification
The relative densities of the 0.45.0 wt % CNF/alumina composites and monolithic alumina ceramic are shown in Fig. 1 . Regardless of the additive amount of CNFs, the relative densities of the composites sintered by PAS at 1375°C for 80 s were more than 99%. In addition, the 0.41.6 wt % CNF/alumina composites sintered by PAS at 1300 and 1450°C, and the 2.5 and 5.0 wt % CNF/alumina composites sintered by PAS at 1450 and 1525°C were densified to a relative density of more than 99%. On the other hand, the relative densities of the composites sintered in vacuum at 1350°C for 2 h decreased drastically with an increase in the additive amount of CNFs, as shown in Fig. 1 . Similar results were obtained for the composites sintered in vacuum at 1450°C. Though the holding time of PAS was 100 times shorter than that of vacuum sintering, even the composites containing 5.0 wt % CNFs were densified to near the full density by PAS. These results indicate that the densification rate of the composites was accelerated by the unique sintering process of PAS.
Microstructures
SEM images of the chemically etched surfaces of the 0.4 5.0 wt % CNF/alumina composites sintered by PAS at 1375°C for 80 s are shown in Fig. 2 . The chemical etching for the composites of which the surfaces were polished to a mirror finish was Fig. 1 . Relative densities of ( ) the 0.45.0 wt % CNF/alumina composites sintered by PAS at 1375°C for 80 s, ( ) the composites sintered in vacuum at 1350°C for 2 h and ( ) monolithic alumina sintered in air at 1300°C for 2 h and then treated by HIP. carried out in conc. H 3 PO 4 at 140°C for 0.51 h. By this etching, not only alumina grain boundaries but also CNFs appeared. The alumina grain sizes became smaller as the additive amount of CNFs increased from 0.4 to 1.6 wt %. However, no such obvious difference in alumina grain sizes was observed in the 1.65.0 wt % CNF/alumina composites. Agglomerates of CNFs were not observed in the 0.42.5 wt % CNF/alumina composites, but a few agglomerates 510¯m in size were observed in the 5.0 wt % CNF/alumina composites. As indicated by an arrow and a circle in Fig. 2(f ) , two or three CNFs were gathered at the same site in the composites, namely at the grain boundary, which shows that these CNFs formed bundles. In the 0.4 and 0.8 wt % CNF/ alumina composites sintered at 13001450°C, some CNFs were observed in the alumina grains. Then, the number of CNFs distributed in the alumina grains and at the alumina grain boundaries was counted using SEM photographs of the chemically etched surface of the composites, and the ratio for each composite was determined. The total number of CNFs was at least 370. As the results, in the 0.4 and 0.8 wt % CNF/alumina composites sintered at 1375°C, 17 and 11% of the CNFs entered alumina grains, respectively, while in the 1.6, 2.5 and 5.0 wt % CNF/ alumina composites sintered at 1375°C, only 4, 3 and 2% of the CNFs entered alumina grains, respectively. In addition, in the 0.4 wt % CNFs/alumina composite sintered at 1300 and 1450°C, 14 and 20% CNFs entered alumina grains, respectively.
The frequency of solo CNFs and CNF bundles distributed in the 0.45.0 wt % CNF/alumina composites sintered at 1375°C for 80 s are shown in Fig. 3 . The number of solo CNFs and CNF bundles consisting of two, three and more than four CNFs was counted using SEM photographs of the chemically etched surface of the composites, and the frequencies were determined from the ratios of the number of solo CNFs and CNF bundles consisting of two, three and more than four CNFs to the total number of CNFs. As the results, the frequencies of solo CNFs distributed in the 0.4, 0.8, 1.6, 2.5 and 5.0 wt % CNF/alumina composites were 73, 64, 60, 51 and 24%, respectively. This means that more than three-fifths the number of CNFs were distributed individually in the 0.41.6 wt % CNF/alumina composites, half the number of CNFs were distributed individually in the 2.5 wt % CNF/alumina composite, and only a quarter the number of CNFs was individually distributed in the 5.0 wt % CNF/alumina composite. In this way, the frequency of solo CNFs decreased with an increase in the additive amount of CNFs; in reverse, the frequency of CNF bundles increased.
BSE images of the 0.45.0 wt % CNF/alumina composites are shown in Fig. 4 . The composites were polished by ion-milling and were observed using an electron beam under an accelerating voltage of 1 kV without coating of the conductive films. Each alumina grain was confirmed by the channeling contrast of the backscattered electrons. Though the dark areas in the BSE images of the CNF/alumina composites show either pore or CNF, most dark areas were CNFs because these composites contained few pores. In the 0.41.6 wt % CNF/alumina composites, uniform dispersed dot-like and line-like dark areas were observed and a lot of them were around 100 nm in diameter and width, which corresponded to the diameter of the CNF. This resulted from the individual and uniform distribution of more than threefifths of the CNFs in the composites. On the other side, there were two kinds of region in the 2.5 and 5.0 wt % CNF/alumina composites. One was a region where only a few CNFs were distributed and the other was a region where many CNFs were distributed. In the regions where a few CNFs were distributed, many dark areas were dot-like with sizes of around 100 nm. Such regions in the 5.0 wt % CNF/alumina composite appeared clearly and were much wider than those in the 2.5 wt % CNF/alumina composite. And alumina grains in such regions grew much larger than those in the other regions, especially, it was remarkable in the 5.0 wt % CNF/alumina composite. In the regions where many CNFs were distributed, many dot-like and line-like dark areas were larger than 100 nm, which means that they were CNF bundles. The formation of such CNF bundles and the existence of these two regions suggest that the 2.5 and 5.0 wt % CNFs could not be uniformly mixed with alumina powder by conventional ball-milling. In addition, in the regions where many CNFs were distributed, the CNFs migrated with the alumina grain boundaries during grain growth of alumina and then formed bundles. Such non-uniform mixing and formation of CNF bundles were remarkable for the 5.0 wt % CNF/alumina composites.
The average alumina grain sizes and alumina grain size distributions of the 0.45.0 wt % CNF/alumina composites are shown in Figs. 5 and 6 , respectively. While the average alumina grain size of the 0.4 and 0.8 wt % CNF/alumina composites increased rapidly with an increase in sintering temperature from 1375 to 1450°C, that of the 1.65.0 wt % CNF/alumina composites increased gradually with an increase in sintering temperature from 1375 to 1525°C. As the addition of CNFs increased from 0.4 to 1.6 wt %, the alumina grains with a size of more than 3¯m decreased and the grain size distribution became narrower, as shown in Fig. 6 . In the 1.6 wt % CNF/alumina composite, the size of the alumina grains was below 3¯m. On the other side, the grain size distribution of the 2.5 wt % CNF/alumina composite extended to a larger grain size side compared with that of the 1.6 wt % CNF/alumina composite, and that of the 5.0 wt % CNF/alumina composite was almost the same as that of the 1.6 wt % CNF/alumina composite. Actually, in the 5.0 wt % CNF/alumina composites, large alumina grains with 510¯m existed in the regions where a few CNFs were distributed as shown in Fig. 3(f ) ; however, such large grains were not caught in the measurement of alumina grain size because there were only a few such regions.
On the other hand, the 0.4 wt % CNF/alumina composite sintered by PAS had a larger average alumina grain size than the 0.4 wt % CNF/alumina composite sintered in vacuum and then treated by HIP; notably, the composites sintered by PAS at 1450°C, as shown in Fig. 5(b) . That is, the unique sintering process of PAS accelerated the alumina grain boundary migration rate during sintering and the addition of 0.4 wt % CNFs was not enough to retard the rapid grain boundary migrations during PAS. Consequently, 14, 17 and 20% of CNFs entered alumina grains during PAS at 1300, 1375 and 1450°C, respectively, and alumina grains grew rapidly at 1450°C, which was different behavior from the composite sintered in vacuum and then treated by HIP.
17) The grain growth behavior of the 0.8 wt % CNF/alumina composites was similar to that of the 0.4 wt % CNF/alumina composites.
In the 1.6 wt % CNF/alumina composites in which 60% of CNFs distributed as solo, because not only solo CNFs but also CNF bundles distributed uniformly at grain boundaries of alumina, the rapid alumina grain boundary migrations during PAS was effectively retarded by such CNFs. Consequently, the 1.6 wt % CNF/alumina composites had a smaller average alumina grain size with a narrower grain size distribution. In the 2.5 and 5.0 wt % CNF/alumina composites sintered at 1375°C, half of the CNFs and three-quarters of the CNFs formed bundles, respectively. The formed CNFs bundles made the grain growth retardation effect of the CNFs lower in these composites. Consequently, the average alumina grain size of the 2.5 wt % CNF/alumina composite was almost the same as that of the 1.6 wt % CNF/alumina composite and that of the 5.0 wt % CNF/ alumina composite was slightly smaller than that of the 1.6 wt % CNF/alumina composite, though the alumina grain sizes of CNT/alumina composites generally decrease with an increase in the amount of CNTs. 11),13),14), 25) 
Fracture toughness
The fracture toughness of the 0.45.0 wt % CNF/alumina composites sintered by PAS at 13001525°C for 80 s are shown in Fig. 7 . In this study, the fracture toughness of the 1.6 wt % CNF/alumina composite sintered at 1300°C for 80 s was the highest (5.4 MPa·m 0.5 ), which was 54% higher than that of monolithic alumina (3.5 MPa·m 0.5
). The fracture toughness of the composites increased with an increase in CNF content from 0 to 1.6 wt %, showed a maximum at 1.6 wt % and decreased with an increase in CNF content from 1.6 to 5.0 wt %. SEM images of Vickers cracks of the 0.45.0 wt % CNF/alumina composites sintered at 1375°C for 80 s are shown in Fig. 8 . Almost Vickers cracks on the CNFs/alumina composites were not deflected, but bridging and/or pull-out of CNFs were observed in the cracks, which means that the enhancement of the fracture toughness of the composites resulted from the bridging and/or pull-out of CNFs.
The relationship between fracture toughness and the average alumina grain size of the CNF/alumina composites is shown in Fig. 9 . The fracture toughness of the composites tended to increase with a decrease in the average alumina grain size. The solid line in Fig. 9 is the curve for the relationship between fracture toughness and average alumina grain size of the 0.4 wt % AT05-CNF/alumina composites sintered in vacuum and then treated by HIP, which was shown in our previous study.
17 ) The fracture toughness of the 0.42.5 wt % CNF/alumina composites were mostly fitted to the curve but those of the 5.0 wt % CNF/ alumina composite obviously deviated from the curve as indicated by a dotted circle in Fig. 9 . The fracture toughness of the 5.0 wt % CNF/alumina composite were lower than those of the 1.6 and 2.5 wt % CNF/alumina composites even at the same average alumina grain size, which resulted from the formation of more CNF bundles in the 5.0 wt % CNF/alumina composite. That is, the number of CNFs giving rise to the essential effect for bridging and/or pull-out was distinctly reduced in the 5.0 wt % CNF/alumina composite in which three-quarters the number of CNFs formed bundles. Consequently, the fracture toughness of the 5.0 wt % CNF/alumina composite deviated from the curve. These results and those of our previous study 17) indicate that, while the fracture toughness of the composites was dependent on the surface state of the CNFs, 17) it was independent of the sintering method.
Conclusions
In this study, dense 0.45.0 wt % CNF/alumina composites were fabricated using CNFs acid-treated for 0.5 h by PAS, and the influence of the additive amount of the CNFs on the CNFs distribution, the alumina grain size distribution and the fracture toughness of the composites were investigated.
The frequency of solo CNFs in the composites sintered by PAS at 1375°C decreased with an increase in the additive amount of CNFs. In the 0.41.6 wt % CNF/alumina composites, the frequencies were 7460%. Also, there were regions where only a few CNFs were distributed and where many of the distributed CNFs were not observed in the composites. That is, the 0.41.6 wt % CNFs could be mixed uniformly with alumina by a conventional ball-milling, with more than three-fifths the number of CNFs distributed individually, and those CNFs and CNF bundles distributed uniformly in the composites. As the additive amount of CNFs increased from 0.4 to 1.6 wt %, the average alumina grain sizes and the alumina grain size distributions became smaller and narrower, respectively. 17 and 11% of CNFs entered alumina grains in the 0.4 and 0.8 wt % CNF/alumina composites sintered at 1375°C, while 96% of CNFs were distributed at the grain boundaries of alumina in the 1.6 wt % CNF/alumina composite sintered at 1375°C. That is, the addition of the 0.4 and 0.8 wt % CNFs was not enough to retard the alumina grain boundary migrations accelerated by PAS while the addition of 1.6 wt % CNFs effectively retarded rapid grain boundary migrations.
In the 2.5 and 5.0 wt % CNF/alumina composites sintered at 1375°C, half the number of CNFs and three-quarters the number of CNFs formed bundles, respectively. In addition, there were regions where only a few CNFs and many CNFs were distributed were observed in the composites. These results suggest that the 2.5 and 5.0 wt % CNFs could not be mixed uniformly by conventional ball-milling. The regions where only a few CNFs were distributed in the 5.0 wt % CNF/alumina composites appeared clearly and were much wider than those in the 2.5 wt % CNF/ alumina composites. And alumina grains in such regions grew much larger, especially in the 5.0 wt % CNF/alumina composites. In the regions where many CNFs were distributed, many CNF bundles had formed. The CNF bundles made the grain growth retardation effect of the CNFs lower. Consequently, the average alumina grain size of the 1.65.0 wt % CNF/alumina composites was not greatly influenced by the additive amount of CNFs.
The fracture toughness of the composites increased with an increase in CNF content from 0.4 to 1.6 wt %, reached a maximum for CNF content of 1.6 wt % and decreased as the CNF content increased from 1.6 to 5.0 wt %. The maximum fracture toughness was 54% higher than the fracture toughness of monolithic alumina. The fracture toughness tended to increase with a decrease in the average alumina grain size; however, that of the 5.0 wt % CNF/alumina composites in which three-quarters of the CNFs formed bundles obviously deviated from the relationship. This means that the number of CNFs giving rise to the essential effect for bridging and/or pull-out in CNF/alumina composites was distinctly reduced by forming more CNF bundles.
It is concluded in this study that, if more than 60% of CNFs can be distributed uniformly as solo at grain boundaries in the composites into which a large amount of CNFs is added, the composites with finer microstructures are obtained, which induces a drastic improvement in fracture toughness. 
